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Hepatic stellate cells (HSCs), which are pericytes found in the space of Disse in the liver, constitute the main storage site for vitamin A (in the form of retinyl ester-containing lipid droplets) in the body and contribute to the production of extracellular matrix (ECM) proteins. In normal liver, HSCs are essentially quiescent, but have the ability to trans-differentiate into myofibroblast-like cells in response to liver injury during a process termed "activation" [1] . The activation of HSCs plays a critical role in the fibrogenesis, which is at present still poorly understood. The imbalance between the proliferation and apoptosis of HSCs is one of the main causes of liver fibrosis [2] .
Licorice is one of the most ancient medicinal plants and has been used as a flavoring agent. In traditional Chinese medicine, it has been applied in the treatment of various inflammatory diseases [3] . Glycyrrhizin (GL) is the major bioactive triterpene glycoside of licorice root extract and has various pharmacological effects, such as anti-inflammatory, anti-viral and anti-allergic effects, as well as hepatocyteproliferation and hepatoprotection [4] . It has 2 isomers: 18a-GL and 18b-GL. Due to the effectiveness and safety of 18a-GL, it is frequently used as a hepato-protective agent in clinical practice, especially in the treatment of liver dysfunction. However, the mechanism underlying the hepatoprotective effects of 18a-GL remains unknown. The aim of the present study was to investigate the protective effects of 18a-GL on the carbon tetrachloride (CCl4)-induced liver fibrosis in rats, and to study the role of hepatocytes and HSCs in the protective effects of 18a-GL.
Material and Methods

Animals and grouping
Male Sprague-Dawley (SD) rats weighing 180~200 g were purchased from the Animal Center of the School of Medicine, Shanghai Jiao Tong University. Animals were randomly divided into 5 groups (n=8-12 per group): control group, liver fibrosis group, high dose GL group, intermediate dose GL group and low dose GL group. Rats in the control group received a subcutaneous injection of olive oil and an intraperitoneal injection of normal saline (NS) of the same dose. Rats in the remaining 4 groups received a subcutaneous injection of 0.2 ml/100 g CCl4 in olive oil twice weekly for 8 consecutive weeks (the first dose was doubled). From the day of CCl4 injection, rats in high, intermediate and low dose GL groups were intraperitoneally treated with 18a-GL at 25, 12.5 and 6.25 mg/kg, respectively, once daily for 8 weeks. All rats were anesthetized at the end of 8 weeks and the liver was collected. A part of the liver was fixed in 10% formaldehyde for 24 h and the rest was stored at -80°C. All the procedures were approved by the Animal Study Committee of China Shanghai Jiao Tong University.
Histological examination
Liver samples from all animals were processed for light microscopy. Tissue sections embedded in paraffin were stained with hematoxylin-eosin (H&E) and Masson's trichrome, and then examined and scored by 2 pathologists blind to the study. Four fields were randomly selected from each section and histopathological evaluation was performed twice.
Hepatic fibrosis is divided into 5 stages according to the criteria developed by Scheuer: S0, none; S1, enlarged, fibrotic portal tracts; S2, periportal or portal-portal septa but intact architecture; S3, fibrosis with architectural distortion but without obvious cirrhosis; and S4, probable or definite cirrhosis [5] .
Immunohistochemical analysis
Briefly, the sections (5 µm) were deparaffinized and then incubated in phosphate buffered saline solution (PBS) containing 3% H 2 O 2 for 10 min to block the endogenous peroxidase activity. Subsequently, antigen retrieval was carried out in 0.01 mol/l citric acid buffer solution. The sections were then rinsed 3 times with PBS and blocked with Power Block™ Universal Blocking reagent (Biogenex, HK085-5KE, USA) for 10 min and incubated overnight with primary antibodies (a-SMA [1:500], Abcam, ab18460, USA); NF-kB [1:50] , Cell Signaling Technology, Inc. cst-"#4764, USA). They were subsequently incubated for 30 min with corresponding secondary antibodies using the Super Sensitive™ Polymer-HRP Two-step Histostaining Reagent (Biogenex, HK518/9-YAK, USA), and visualization was performed with Biogenex stable DAB (3,3'-diaminobenzidine tetrahydrochloride). As a negative control, the primary antibody was replaced with PBS. Sections were counterstained, mounted, and examined by microscopy.
Brown-yellow granules represent positive expression. Five fields were randomly selected from each section, and the color image analysis system (Image-ProPlus(IPP) 6.0soft-ware) was used to determine the protein expressions. The a-SMA labeling index was calculated by the ratio of positive expression area to the total field.
Detection of apoptosis by TUNEL assay
The in situ DNA fragmentation was visualized by the TUNEL method [6] . Briefly, deparaffinized sections were boiled in 0.01 mol/l citric acid buffer solution for 8.5 min and incubated in PBS containing 3% H 2 O 2 for 10 min to block the endogenous peroxidase activity. The sections were incubated with the TUNEL reaction mixture, fluorescein-dUTP (in situ Cell Death Detection, AP kit, Roche, Germany) for 60 min at 37°C. The sections were then rinsed 3 times with PBS and incubated with anti-fluorescein antibody-AP for 30 min at 37°C. After washing 3 times in PBS, 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BICP/NBT, Maxim Biotechnology Development Co., Ltd NBT-2200, China) was added and counterstaining was performed with Nuclear Fast Red (Maxim Biotechnology Development Co., Ltd CTS-3099, China). As a negative control, the TUNEL reaction mixture was replaced with nucleotide mixture. Dual staining for a-SMA and TUNEL was undertaken in representative liver sections to localize apoptotic HSCs. After BICP/ NBT was added, sections were washed 3 times with PBS and blocked for 10 min and incubated overnight with a-SMA. They were subsequently incubated for 30 min with corresponding secondary antibodies, and counterstaining was performed with Nuclear Fast Red. After the reaction was terminated by distilled water, the sections were stained with hematoxylin for 3 min. The number of apoptotic cells was counted under a microscope. The percentage of apoptotic cells was calculated from randomly selected fields. At least 1000 cells were counted in 5 random fields and the percentage of TUNEL-positive cells was then calculated (apoptotic index (AI -apoptosis cells/total cells) and HSC AI (apoptosis and a-SMA(+) cells/a-SMA(+) cells).
RNA isolation and real-time PCR
Total RNA was extracted from the liver using Trizol reagent (Invitrogen, Carlsbad, CA, USA), and subjected to RT reaction by PrimeScript ® RT reagent Kit (TAKARA, DRR037S, Japan). Real-time PCR was performed according to the manufacturer's instructions using SYBR ® Premix Ex Taq™ Kit (TAKARA, DRR041A, Japan) on the ABI-Prism 7700. Each experiment was performed in triplicate. GAPDH was used as an internal control. The primer sequences are listed in Table 1 . The fold-change in the mRNA of target gene relative to that of GAPDH was calculated according to the previously reported method [7] .
Growth curve of hepatocytes and HSCs
Hepatocytes (Chang liver cell lines) were purchased from the Cell Resource Center of CAS Shanghai Institute of Life Sciences, and HSCs (rat hepatic stellate cell line, cFSC) were kindly provided by the Laboratory Diagnostics Division of Shanghai Changzheng Hospital. Hepatocytes were maintained in PRMI-1640 (purchased from Austria PAA's) containing 10% fetal bovine serum (FBS) and HSCs were grown in DMEM containing 10% FBS. Cells in logarithmic phase were digested with 0.25% trypsin and re-suspended at a density of 5×10 4 /ml. Then, these cells were seeded into 24-well plates (1 ml/well) and incubated at 37°C in an atmosphere with 5% CO 2 for 24 h. Different concentrations of 18a GL are divided into 5 groups (each plate as a group). 18a-GL of different concentrations was added and the experiment was performed in quadruplicates. The viable cells were counted every day and the growth curve was delineated.
Detection of proliferation by MTT assay
The hepatocytes and HSCs were seeded in 96-well plates at a density of 5×10 4 /ml and incubated in an atmosphere with 5% CO 2 at 37°C overnight, followed by observation of cell morphology. One day later, the supernatant was removed and 18a-GL of different concentrations was added, followed by incubation for 24 h. Then, 10 µl of MTT (Sigma) were added into each well, followed by incubation at 37°C in an atmosphere with 5% CO 2 for 4 h. Subsequently, the supernatant was removed and 100 µl of DMSO were added into each well, followed by incubation for 10 min under continuous oscillation. Absorbance (A) was measured at 550 nm with a microplate reader (Thermo Labsystems, Finland).
Detection of cell cycle of hepatocytes and HSCs by flow cytometry
Hepatocytes were treated with TGF-b1 (Sigma, 8 ng/ml) and then with 18a-GL (0~1 mg/ml) in the medium, while HSCs were maintained in medium supplemented with 18a-GL alone. One day later, these cells were digested by trypsin and then collected by centrifugation. After washing with PBS, these cells were fixed in 70% cold alcohol at -20°C overnight. Cell cycle was analyzed by MCYCLE software with flow cytometry.
Apoptosis of hepatocytes and HSCs
Hepatocytes were maintained in the medium containing 18a-GL (0~1 mg/ml) and TGF-b1 (8 ng/ml), while HSC were maintained in medium supplemented with 18a-GL alone. One day later, these cells were digested by trypsin and then collected by centrifugation. After washing with PBS, the apoptosis of these cells was determined with Annexin V Kit (Roche) by flow cytometry.
Statistical analysis
Statistical analysis was performed with SPSS Version 11.0 statistic software package. Data were expressed as means ± standard deviation (SD). Comparisons between groups were performed with analysis of variance (ANOVA), Student's T test or Kruskal-Wallis test. A value of P<0.05 was considered statistically significant.
results
Histopathological findings
In the control group, the structure of the liver was clear, and the size of hepatocytes was constant. The hepatic lobule was intact, without denaturation or necrosis ( Figure 1A ). There were a few thin and short blue collagen fibers around the blood vessels ( Figure 1D ). In the liver fibrosis group, fatty degeneration was apparent and ballooning degeneration of hepatocytes was found around the limiting plate ( Figure 1B ). In the fibrosis group, the number of blue collagen fibers was significantly increased. These fibers were distributed from the portal area and central vein to the hepatic lobules, and collagenous fibers formed a thick textile fiber gap and pseudolobules ( Figure 1E ). In the 18a-GL group, the proliferation of fibrous tissues was absent ( Figure 1C, 1F ). The grades of liver fibrosis in each group are shown in Table 2 .
The mean rank of fibrosis in the 3 18a-GL groups was significantly lower than that in the fibrosis group (H=27.153, P<0.05). The histopathological changes in the intermediate and low dose 18a-GL groups were between those in the fibrosis group and those in the high dose 18a-GL group. These results show 18a-GL may prevent and improve CCL4-induced liver fibrosis.
Effect of 18a-GL on the activation of HSCs
The activated HSCs were detected by immunohistochemistry for a-SMA. Results showed a-SMA was mainly expressed in the vascular walls in the portal area, and rarely found in the perisinusoidal space of the liver parenchyma in the control group (Figure 2A, 2D) . However, liver tissues were strongly positive for a-SMA in the fibrosis group ( Figure 2B, 2E ). In the 3 18a-GL treatment groups, a-SMA was less noted in the liver ( Figure 2C ). RT-PCR revealed there was a significant difference in the mRNA expression of a-SMA between the fibrosis group and the 3 18a-GL treatment groups. The ratio of positive protein and mRNA expression of a-SMA are shown in Figure 2F , 2G.
Apoptosis of HSCs and hepatocytes
Only a small amount of apoptotic cells was found in the normal liver ( Figure 3A, 3D, 3G ), while the apoptotic cells were markedly increased in the fibrosis group ( Figure 3B ). In the 3 18a-GL treatment groups, the number of apoptotic cells in the liver was markedly larger than that in the control group ( Figure 3C) . Furthermore, the majority of apoptotic cells in the liver parenchyma were hepatocytes and only a few HSCs were apoptotic in the portal area and fibrous septum in the fibrosis group ( Figure 3E, 3H) . However, in the 18a-GL group, the apoptotic HSCs in the portal area increased, suggesting that 18a-GL may induce the HSC apoptosis ( Figure 3F, 3I) . The apoptosis index of HSCs and hepatocytes are shown in Table3. Thus, in the following experiments, the effects of 18a-GL on the apoptosis of hepatocytes and HSCs were investigated in vitro independently.
NF-kB activation
NF-kB activation is closely related to the apoptosis of HSCs. Immunohistochemistry and PCR were employed to detect the levels of NF-kB in the liver. Under normal condition, NF-kB locates in the cytoplasm with a small amount of expression in the liver ( Figure 4A ). As a response to injury, NF-kB transfers from the cytoplasm to the nucleus, and then plays a critical role in the regulation of gene transcription. The immunohistochemistry showed that in the fibrosis group NF-kB was mainly found in the nucleus ( Figure  4B ), while in the 3 18a-GL groups, NF-kB was predominantly noted in the cytoplasm ( Figure 4C ). However, there was no significant difference in the mRNA expression of NF-kB 
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between the 18a-GL treatment groups and the liver fibrosis group ( Figure 4D ), which was significantly increased when compared with that in the control group. We speculate that 18a-GL may block the translocation of NF-kB into the nucleus and inhibit its activation.
Effect of 18a-GL on the proliferation of hepatocytes and HSCs
(1) The 18a-GL of different concentrations had distinct effects on the proliferation of hepatocytes. After treatment with 18a-GL at 0.001 mg/ml, 0.01 mg/ml and 0.1 mg/ml, the number of viable cells was not different from that in the control group (0 mg/ml 18a-GL) (P>0.05). However, following the treatment with 18a-GL at 1 mg/ml, the proliferation of viable hepatocytes was significantly promoted when compared with that in the control group (P<0.05), especially at 48 h after treatment ( Figure 5A ).
(2) The 18a-GL of different concentrations had distinct effects on the proliferation of HSCs. The number of HSCs followed the treatment with 18a-GL at 0.001 mg/ml, 0.01 mg/ml and 0.1 mg/ml was similar to that in the control group (P>0.05). Nevertheless, the treatment with 18a-GL at 1 mg/ml markedly inhibited the proliferation of HSCs when compared with the control group (P<0.05), and this effect was in a time-and concentration-dependent manner ( Figure 5B ).
The promotive effect and suppressive effects of 18a-GL at designed concentrations on hepatocytes and HSCs, respectively, were further confirmed by the MTT assay (Tables 4 and 5) .
Changes in the cell cycle of hepatocytes and HSCs following 18a-GL treatment
(1) TGF-b1 can negatively regulate the cell growth and arrest cells in G1 phase. In the present study, our results also confirmed the hepatocytes were arrested in G1 phase after TGF-b1 treatment. After 18a-GL (1 mg/ml) treatment, flow cytometry showed the TGF-b1-treated hepatocytes in G0/G1 phase were significantly decreased when compared with the control group with TGF-b1 treatment 
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BR alone (P<0.05), but the cells in S phase were dramatically increased (P <0.05) ( Table 6 ).
(2) As the 18a-GL could exert inhibitory effect on the proliferation of HSCs, the following experiment was done to investigate the effect of 18a-GL on the cell cycle of HSCs. After 18a-GL (1 mg/ml) treatment, the HSCs in G2/M phase were remarkably elevated when compared with the control group (P<0.001) (Table7).
Effect of 18a-GL on the apoptosis of hepatocytes and HSCs
(1) The effect of 18a-GL on the TGF-b1-induced apoptosis of hepatocytes was further investigated. In TGF-b1-treated hepatocytes, after treatment with 18a-GL at 0.1 mg/ml and 1 mg/ml, the apoptosis rate was markedly lower than that in the control group (P<0.05) and the higher the 18a-GL concentration, the lower the apoptosis rate of hepatocytes, showing a dose-dependent manner (Table 8) .
(2) According to the results above, we hypothesized that 18a GL might inhibit the proliferation of HSCs by enhancing cell apoptosis. In the following experiment, we investigated the effect of 18a-GL on the apoptosis of HSCs. After treatment with 18a-GL at 1 mg/ml, the apoptotic rate of HSCs was significantly higher than that in the control group (P<0.01) ( Table 9) , which was consistent with our findings in vivo.
discussion
Glycyrrhetinic acid is an active metabolite of glycyrrhizin extracted from licorice root (Glycyrrhiza spp.), and has been applied as a herbal drug in the prevention of tumors as well as treatment of viral hepatitis and liver injury in China and Japan [8, 9] . Animal experiments have demonstrated that glycyrrhizin and its metabolite can be used to treat liver fibrosis due to their anti-fibrotic or anti-hepatotoxic properties [10, 11] . Randomized controlled trials also confirm that glycyrrhizin and its derivatives can improve the hepatocellular injury in chronic hepatitis B or C patients, and reduce the risk for hepatocellular carcinoma in patients with hepatitis C virus-induced cirrhosis [12] . However, the mechanism by which glycyrrhizin delays the progression of liver diseases is still unknown. Some research has revealed the hepatoprotective activity of licorice [13] , and anti-viral capacity and immune modulatory activity of glycyrrhizin [14, 15] . As mentioned above, GL has 2 isomers: 18a-GL and 18b-GL. In recent years, 18b-GL has been extensively investigated, and, in our lab, the protective effect of 18a-GL on CCL4-induced liver fibrosis and its impact on hepatocytes and HSCs were explored in vitro.
The present study showed 18a-GL could dose-dependently inhibit CCL4 -induced liver fibrosis, and the effects could be attributed to significant suppression of the proliferation and activation of HSCs and induction of apoptosis of HSCs following 18a-GL treatment, which may be related to the blocking of NF-kB translocation into the nucleus. In addition, in vitro experiments, 18a-GL could promote the proliferation of hepatocytes in a dose-dependent manner, which was contrary to the effect of 18a-GL on HSCs. Moreover, 18a-GL could also regulate cell cycle by arresting cells in G2/M phase and induce the apoptosis of HSCs.
Hepatic fibrosis is a scarring process associated with an increase and altered deposition of ECM in the liver. At present, fibrosis is considered to be a reversible process [16] .
At the cellular and molecular levels, this process is mainly characterized by the "activation" of HSCs [17, 18] . HSC activation consists of discrete phenotype responses, retinoid loss, proliferation, contractility, chemotaxis fibrogenesis and matrix degradation. Several types of cells and cytokines play important roles in the regulation of HSC activation. Currently, anti-fibrotic therapeutic strategies include inhibition of HSC proliferation or stimulation of HSC apoptosis, down-regulation of collagen production or promotion of its degradation [19, 20] . The present study demonstrated that 18a-GL not only inhibited the activation or proliferation of HSCs, but also promoted the apoptosis of HSCs. These effects may be responsible for the significant improvement of liver fibrosis. In addition, in vitro experiments revealed that 18a-GL could regulate the cell cycle by arresting cells in G2/M phase and induce the apoptosis of HSCs. However, the exact signaling pathways underlying the effects of 18a-GL on the proliferation and apoptosis are largely unclear. The NF-kB is a key component in the cellular response to a variety of extracellular stimuli. The activation of NF-kB is associated with the phosphorylation of IkB, followed by its degradation by the proteasome and subsequent nuclear translocation. In the nucleus, NF-kB can bind to the DNA elements of target genes and positively regulate the transcription of genes involved in immune and inflammatory responses, cell growth and apoptosis [21] . As NF-kB is a potent pro-survival transcription factor in activated HSC [22, 23] , its inhibition could cause apoptosis of activated HSCs. There is indirect evidence showing the anti-apoptotic effect of NF-kB in HSCs. Jiang's study showed that in phagocytosing HSCs there are different anti-apoptotic pathways induced, including a NADPH (nicotinamide adenine dinucleotide phosphate reduced) oxidase-dependent PI3K/Akt/ NF-kB induction pathway. NF-kB activation and subsequent upregulation of anti-apoptotic protein A1 promotes HSC survival [24] . Another study has shown that some nerve growth factors are expressed during fibrotic liver injury and may regulate the number of activated HSCs via inducing apoptosis, which is related to the increase of NF-kB activity, reduction of p50/p65 binding and decrease of NF-kB CAT reporter activities [25] . There is evidence showing that competitive antagonism of NF-kB can inhibit the inflammatory response and prevent CCL4-induced hepatic injury and fibrosis [26] . siRNA targeting NF-kB p65 can effectively enhance the HSC apoptosis and attenuate the ECM production [27] . Therefore, the anti-fibrotic effect of 18a-GL shown in the present study may be associated with the inhibition of NF-kB and the subsequent inflammatory response.
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Furthermore, our result also revealed 18a-GL could promote the proliferation of hepatocytes, the hepatocytes in G0/G1 phase were significantly decreased after treatment with TGF-b1 and 18a-GL, and those in S phase markedly increased. Our results suggest that 18a-GL might be able to antagonize the TGF-b1-induced apoptosis of hepatocytes in vitro. We speculate that the proliferation and activation of HSCs are key participants in fibrogenesis. The apoptosis of hepatocytes through the activation of death receptors is also common in cholestasis, chronic alcoholic liver fibrosis, Wilson's disease and viral hepatitis [28] [29] [30] . Liver tissue repair, inflammation, regeneration, and fibrosis may all be triggered by apoptosis [31, 32] . Although both the apoptosis of hepatocytes and fibrosis are the features of chronic liver diseases, the potential relationship between these 2 processes remains unclear. Canbay et al. [33] revealed that hepatocyte apoptosis in the BDL mouse was, in part, mediated by Fas. Their observations also suggested Fas-mediated liver injury during extrahepatic cholestasis could result in fibrogenesis and collagen deposition in the liver. Thus, they conclude that Fas-mediated hepatocyte injury is mechanistically linked to liver fibrogenesis. In the future we will investigate the mechanism underlying the effect of 18a-GL on hepatocyte apoptosis. Taken together, we speculate that 18a-GL may become a promising anti-fibrogenic drug for the treatment of chronic liver diseases.
